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Abstract 
This paper primarily aims to investigate the aerodynamic characteristics of a small Horizontal Axis Wind Turbines (HAWT) with 
different blade tip configurations to enhance power generation efficiency.  To understand the flow behavior at the tip and to 
reduce the induced drag due to tip vortex, three different blade configurations (upwind winglet, downwind winglet and blade 
without a winglet) were designed, manufactured and tested under a range of wind speeds and yaw angles. The results show that 
the winglet has significant effect on the aerodynamic performance of the wind turbine blade used for domestic scale wind 
generator. The results indicated an increase of lift-to-drag ratio with the upwind winglet by around 26% compared to a straight 
blade with no winglet whereas the downwind winglet results in a decrease of lift-to-drag ratio about 27%.  
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1. Introduction 
Wind energy is considered to be among the most viable and an alternative source of energy to current fossil fuel 
based energy due to the abundant available resource of wind and has little contribution in the pollution of carbon 
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dioxide into the atmosphere. Continued increase in fossil fuel prices coupled with global warming has led to many of 
the developed nations to act swiftly in order to minimize the pollution of greenhouse gases in to the atmosphere by 
agreeing to a renewable energy target of 20 percent in the year of 2020 [1]. Over the past two decades, the rapid 
advancements in technology in particular the aerodynamics design of commercial horizontal axis wind turbine 
(HAWT) blades, significant improvements have been achieved in the wind turbines ability to extract far greater 
kinetic energy from the wind. Currently, commercial wind turbines are capable of producing power outputs of up to 
6 MW [2]. In contrast to commercial wind turbines, domestic scale horizontal axis wind turbines have not advanced 
at the same rate as commercial wind turbines due to many factors such as low efficiency, space constraint as well as 
high capital cost. 
Domestic scale horizontal axis wind turbines have the potential to be utilized and integrated into residential urban 
environments. Due to the presence of buildings and surrounding trees, the wind flow is obstructed and as a result 
turbulence is generated in the flow which significantly reduces the mean wind speed. In order to maximize the power 
generation capabilities of small wind turbines, it is essential to consider the environment under which the wind 
turbines are expected to operate. One of the most important aspects of wind turbines that heavily influence the 
efficiency of the turbines is the aerodynamic shape of the blades. The geometrical shape of the turbine blades are 
defined by airfoils that are based on their lift coefficient characteristic and are stationed at different sectional radius 
of the blade. An ideal wind turbine that is aerodynamically efficient cannot extract more than 59.3 percent of the 
winds kinetic energy as found by Albert Betz using a simple one dimensional model [3]. Although recent 
advancements in aerodynamic blade design has significantly enhanced the efficiency of wind turbine blades, there 
are still aerodynamic losses that a blade experiences which continue to dampen the efficiency of wind turbines. One 
of these losses is associated with the blade tip vortices. Blade tip vortices are generated as a result of the pressure 
difference between the suction side (low pressure and high velocity) and pressure side (high pressure and low 
velocity). This pressure difference causes the high pressure flow of air to intermix with the low pressure flow of air 
at the blade tip and produces vortices at the tip region of blade. The vortices which are produced induce drag on the 
blade that reduces the efficiency of the wind turbine blades as well causing undesirable noise. 
In order to understand the effects of various tip configurations, it is essential to determine the aerodynamic forces 
such as drag and lift that are subjected on the blades. Several studies have been conducted to investigate the effects 
of alternative blade tip designs for minimizing the vortices and ultimately reducing the induce drag. The majority of 
these studies have being investigated using numerical modeling techniques such as Computational Fluid Dynamics 
(CFD) and other numerical codes that are based on Blade Element Momentum (BEM) theory [4-5]. Very limited 
research is available in the public domain which experimentally investigates, through wind tunnel testing, the 
aerodynamic characteristics of wind turbine blades. Therefore the primary objective of this research is to 
experimentally investigate the aerodynamics effects of alternative blade tip configurations (winglets) that could 
potentially enhance the performance of wind turbines. 
 
Nomenclature 
ψ yaw angle  
L  lift force (N) 
D drag force (N) 
CD drag coefficient 
CL lift coefficient 
ρ density of air (kg/m3) 
V wind speed (m/s) 
A projected frontal area of the turbine blade (m2) 
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2. Experimental method 
2.1. Wind turbine blade design 
The geometrical shapes of wind turbine blades are generally defined by airfoils which are carefully stationed and 
arranged through the entire radius of the blade. The blades are designed using the SG6051 airfoil, which is 
specifically designed for small wind turbines and is selected in the design process due to their high lift to drag ratio 
[6]. The blade has a length of 0.5 meters and is manufactured from a polycarbonate material which is very low in 
cost and has very good strength properties. 
Winglets are devices which are integrated at the tip of wings to reduce the downwash and in the process reduce 
induced drag. The design of winglets is a complex process that involves many variable parameters that can 
significantly influence the performance of the device. Winglets are primarily optimised for one particular operating 
condition such as cruise condition for aircrafts as the majority of time in flight is spent in that condition [7]. 
However, as wind turbines operate at a wide range of speeds this adds to the complexity of trying to optimise a 
winglet to operate at one particular operating condition. To simplify the design process not all of the variable 
parameters were considered. As the aim of this research is to investigate aerodynamic effects of different blade tip 
configurations, two winglets were designed with the same design parameters and integrated at the turbines blade tip. 
The upwind winglet is strategically placed at the tip of the blade so that the tip end is facing suction side of the blade 
where there is relatively low pressure and high velocity. In contrast, the downwind winglet is placed at the region of 
the blade associated with high pressure and low velocity. Fig. 1 shows the design specification of the winglets. Some 
parameters such as sweep, toe and twist were neglected to simplify the design process. 
 
Blade length
Cant angleWinglet height
(a)
(b)
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Fig.1. (a) straight blade without winglet; (b) blade with upwind winglet; (c) blade with downwind winglet. 
2.2. Wind tunnel test 
In this study, RMIT Industrial wind tunnel is employed to measure the aerodynamic drag and lift forces exerted 
on the blades by the wind. The wind tunnel can be operated at a maximum speed of 145 km/h. Further of the wind 
tunnel can be found in Alam et al. [8]. The wind turbine blade was mounted vertically on a strut that is connected to 
a load sensor (manufactured by JR3 Inc., USA) which is a 6-degree of freedom force and moment transducer for real 
time measurement of aerodynamic forces (drag, lift and side forces) and their corresponding moments (yaw, pitch 
and roll) simultaneously. The vertical strut that supports the blade is covered by an airfoil shaped device (as shown 
in Fig. 2) to minimize influence of the strut on the overall aerodynamic forces obtained from the data. All data 
obtained from the wind tunnel were recorded for 10 seconds time average with a frequency of 20 Hz. To minimize 
the errors associated with the force sensor, each set of data was computed three times. 
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In order to compare the aerodynamic performance of different winglet configurations (upwind winglet and 
downwind winglet) a straight blade (without any winglet) of same length was initially tested in the wind tunnel. As 
the blades are asymmetric, all the blades were tested over a range of yaw angles (from -90° to +90° with an 
increment of 15°). At each yaw angle, the blades were tested under a wide range of speeds from 30 to 90 km/h with 
an increment of 10 km/h. Fig. 3 shows the yaw configuration for the wind tunnel testing. 
The aerodynamic drag and lift forces were converted to their non-dimensional parameters drag and lift 
coefficients (CD and CL) using the following formula: 
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Fig. 2. experimental setup: (a) schematic; (b) inside the wind tunnel for testing. 
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Fig. 3. yaw angle configuration. 
761 Abdulkadir Ali et al. /  Procedia Engineering  105 ( 2015 )  757 – 762 
3. Results and discussions 
In Fig. 4 shows the average CD and CL variation with yaw angles for the three blades with different winglet 
configurations tested. The results indicate that the CL value varies for both the leeward side (negative yaw angle) and 
the windward side (positive yaw angle) of the blade with varying yaw angle. At 0° yaw angle, the average CL value 
was found to be 0.29. It can be observed from Fig. 4 that the CL value increases with increasing yaw angle at the 
windward side of the blade until a yaw of 30° is reached. Above 30°, the CL value decreases sharply. Similar 
behavior in CL value can be observed in the leeward side of the blade. The CL value reaches its peak at 45° yaw 
angle before it sharply decreases. The sharp decrease in CL value is due to the fact that the flow is separating from 
the blade and the adverse pressure gradients become present. As expected, the drag coefficient continues to rise with 
increasing yaw angle. At 0° yaw angle the average CD value is found to be 0.19 as shown in Fig. 4. There is a 
notable difference in CD value between the windward and leeward side of the blade at ±90° yaw angle. The average 
CD value at ±90° is 1.12 and 0.95 as shown Fig. 4. 
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Fig. 4. CD and CL as function of yaw angle. 
As illustrated in Fig. 4, the forward facing winglet blade produced a higher lift coefficient CL value at 0° yaw 
angle when compared to the baseline (straight) blade with a CL value of 0.35. This corresponds to an increase of 
20.7% from the baseline model. Although the CL value significantly increased the at 0° yaw angle, it was also 
observed that the CD value increase for the same yaw angle. The average CD value at 0 degree yaw angle is found to 
be 0.24. The flow separates from the blade at the exact the same yaw angle as that of the baseline model but 
produces much higher CD and CL value. Fig. 4 also indicates that the CD value reaches maximum at 90° yaw angle 
with an average CD value of 1.39 at the windward side of the blade, which is significantly greater than at the leeward 
side of CD value of 1.01. 
The backward facing winglet blade displayed similar results to that of the baseline model. As shown in Fig. 4, the 
average lift coefficient (CL) value at 0° yaw angle is found to be 0.22 which is slightly higher than the baseline 
model of 0.19. The CL value gradually increases with increasing yaw angle. It can be also observed that the CL value 
does not fall sharply until it reaches a yaw angle of 45°. The flow separation from the blade is slightly delayed at the 
windward side of the blade at 45° yaw angle compared to the both the baseline blade and the forward facing winglet 
blade. The CD variation for both the windward and leeward side of the blade is found to be similar. At 0° yaw angle 
the backward facing winglet produced a CD value of 0.20 which is practically the same as the baseline blade and 
significantly lower than the forward facing winglet. 
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In order to determine the aerodynamic performance of all three blade design configurations, the lift-to-drag ratios 
(L/D) were calculated and the values are plotted as a function of yaw angles as shown in Fig. 5. The figure   shows 
the L/D ratio varies significantly with the yaw angles for all three blades.  The forward facing winglet blade 
produces the highest L/D ratio with a value of 5.15 at 0° yaw angle compared to the baseline blade with a value of 
4.08 at -15° yaw angle. The lowest lift to drag ratio was produced by the backward facing winglet with a value 2.98 
at -15° yaw angle. It was found that the forward facing winglet resulted in an increase in L/D ratio of 26% from the 
baseline blade. In contrast, the backward facing winglet results in a decrease of list 27%. 
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Fig. 5. L/D as function of yaw angle. 
4. Conclusions 
Winglet has significant effect on the aerodynamic performance of the wind turbine blade used for domestic scale 
wind generator. The results indicated an increase of lift-to-drag ratio with the upwind winglet by around 26% 
compared to a straight blade with no winglet whereas the downwind winglet results in a decrease of lift-to-drag ratio 
about 27%. Additionally, yaw angle of the turbine blade plays an important role for the better aerodynamic 
performance. The results indicate that the maximum aerodynamic performance for can be achieved between 0 and -
30 degree yaw angle. Therefore, to get maximum aerodynamic performance, the blade yaw angle should be fixed 
accordingly. The results show that the maximum lift-to-drag ratio for upwind blade was found at 0 degree yaw angle 
whereas the straight blade and the downwind winglet blade exhibit the maximum value of lift-to-drag ratio at -15 
degree yaw angle. 
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